ABSTRACT: Uronate isomerase (URI) catalyzes the reversible isomerization of D-glucuronate to D-fructuronate and of D-galacturonate to D-tagaturonate. URI is a member of the amidohydrolase superfamily (AHS), a highly divergent group of enzymes that catalyze primarily hydrolytic reactions. The chemical mechanism and active site structure of URI were investigated in an attempt to improve our understanding of how an active site template that apparently evolved to catalyze hydrolytic reactions has been reforged to catalyze an isomerization reaction. The pH-rate profiles for k cat and k cat /K m for URI from Escherichia coli are bellshaped and indicate that one group must be unprotonated and another residue must be protonated for catalytic activity. Primary isotope effects on the kinetic constants with [2-
Uronate isomerase (URI) 1 catalyzes the first step in the pathway for the metabolism of D-glucuronate and D-galacturonate. In this transformation, D-glucuronate and D-galacturonate are initially isomerized into their corresponding keto products, D-fructuronate and D-tagaturonate, respectively (1) . D-Fructuronate and D-tagaturonate are then reduced to D-mannonate and D-altronate, respectively, by mannonate and altronate dehydrogenase in the presence of NADH (2) . The pathways converge through a dehydration reaction in which mannonate dehydrase and altronate dehydrase convert mannonate and altronate to 2-keto-3-deoxy-D-gluconic acid (KDG). This product is then phosphorylated by the enzyme ketodeoxygluconic acid kinase with ATP to form 2-keto-3-deoxy-6-phosphogluconic acid (KDG-6-P). In the final step of this pathway, 2-keto-3-deoxy-6-phosphogluconic acid is cleaved by an aldolase to yield pyruvate and D-glyceraldehyde 3-phosphate, which enter the citric acid cycle and glycolysis. The entire pathway is summarized in Scheme 1 (1, 2) .
We have demonstrated that uronate isomerase is a member of the amidohydrolase superfamily of enzymes based on sequence alignments and three-dimensional structural comparisons (3) . The majority of the functionally characterized members of the amidohydrolase superfamily catalyze the hydrolysis of amide or ester bonds to carbon or phosphorus centers (4, 5) . Well-characterized examples include dihydroorotase (6) , urease (7) , and phosphotriesterase (8) . Members of this superfamily also catalyze the deamination of many nucleotides, including adenosine (9), cytosine (10) , and guanine (11) . The active sites of these enzymes generally contain a mononuclear or binuclear metal center that is perched at the C-terminal end of the β-barrel within a (β/R) 8 structural fold. The most highly conserved residues in the AHS include two histidines from β-strand 1, histidines after the ends of β-stands 5 and 6, and an aspartic acid from β-strand 8. Since URI catalyzes an isomerization of an aldose sugar to the corresponding ketose product, this enzyme is one of the most divergent members of the amidohydrolase superfamily. The mechanistic details of this transformation are therefore of significant interest for an improved understanding of how an active site that originally evolved to catalyze hydrolytic reactions has been reforged to undergo an isomerization reaction. † This work was supported in part by the National Institutes of Health (Grant GM71790) and the Robert A. Welch Foundation (A-840).
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We have previously demonstrated that the hydrogen originally at C-2 of D-glucuronate is ultimately found at the pro-R position at C-1 of D-fructuronate and that this hydrogen slowly exchanges with solvent (12) . These results are consistent with a proton transfer mechanism with a cis-enediol intermediate. The general mechanism, shown in Scheme 2, indicates a requirement for at least two residues that participate in the transformation of D-glucuronate into D-fructuronate. A general base (:B 1 ) abstracts the proton from C-2 of Dglucuronate, and a general acid (H:B 2 ) facilitates the transfer of a proton to the carbonyl oxygen at C-1 to produce the cis-enediol intermediate. In the subsequent step, the ketose product is generated by the transfer of a proton from the hydroxyl group at C-2 of the proposed intermediate and protonation of C-1 by H:B 1 . For compounds such as D-glucuronate, the enzymatic transformation is made more complicated by the fact that in solution the substrate exists almost entirely as a mixture of two anomeric cyclic hemiacetals.
This paper focuses on a determination of the chemical mechanism for the isomerization reaction catalyzed by URI from Escherichia coli. The rate-limiting steps have been interrogated by measuring the primary kinetic isotope effects with [2- 2 H]-D-glucuronate and solvent isotope effects with D 2 O for the wild-type and mutant enzymes. The rate limitation imposed by product release has been examined using solvent viscosity effects. The identity of the residues involved in the proton transfer events has been probed by pH-rate profiles and characterization of the kinetic constants for mutant enzymes. These approaches have been augmented by the determination of the X-ray structure of a uronate isomerase from Bacillus halodurans (Bh0493) in the presence of D-glucuronate, D-fructuronate, and two mimics of the cisenediol intermediate.
MATERIALS AND METHODS
Materials. D-Glucuronic acid (I), NADH, buffers, and all other chemicals were purchased from Sigma-Aldrich or Acros, unless otherwise stated. D-Arabinaric acid (III) and the monohydroxamate derivative of this compound (II) were synthesized as previously described (12). 2,6-Anhydro-L-gulonic acid (IV) was synthesized starting from L-xylose (13, 14) . The structures of these compounds are presented in Scheme 3. Oligonucleotide syntheses and DNA sequencing were performed by the Gene Technologies Lab of Texas A&M University. Metal analyses were conducted using inductively coupled plasma mass spectrometry (ICP-MS) as previously described (12) .
Site-Directed Mutagenesis. Site-directed mutagenesis of URI was performed using the QuikChange mutagenesis kit from Stratagene . The following mutants were obtained by this method:  H33N, H33A, H35N, H35A, H59N, H59A, Y60F, Y60A,  R186K, R186M, D238N, H297N, R302K, R302M, H297A,  W381F, W381A, D412N, D412A, R414K , and R414M. The mutations were confirmed by DNA sequencing of the modified plasmids.
Protein Expression and Purification. The uxaC gene encoding uronate isomerase in E. coli was cloned into the pET28 expression vector. The protein was expressed in E. coli strain BL21(DE3) and purified as previously described (12) . The enzymes contained up to 1 equiv of zinc (depending on the mutant) as measured by ICP-MS.
Enzyme Assays. The conversion of D-glucuronate to D-fructuronate by URI was coupled to the reduction of D-fructuronate with NADH by mannonate dehydrogenase (MDH) as previously described (12) . The assays were monitored spectrophotometrically by following the decrease in absorbance at 340 nm. The standard assay conditions included 50 mM HEPES (pH 8.0), varying 
where c is the pH-independent value of y, K a and K b are the dissociation constants of the ionizable groups, and H is the proton concentration. The competitive inhibition patterns were fit to eq 3
where K is is the slope inhibition constant and I is the concentration of the inhibitor. Prior to data collection, the crystals of all Bh0493 complexes (Table 1) were transferred to cryoprotectant solutions composed of their mother liquids and 20% glycerol and flash-cooled in a nitrogen stream. All data sets were collected at the NSLS X4A beamline (Brookhaven National Laboratory) on an ADSC CCD detector (Table 1) . Diffraction intensities were integrated and scaled with DENZO and SCALEPACK (20) . The data collection statistics are given in Table 1 .
Structure Determination and Model Refinement. All five URI structures (Table 1) were determined by molecular replacement with the fully automated molecular replacement pipeline BALBES (21), using only input diffraction and sequence data. The native uronate isomerase from B. halodurans (PDB entry 2Q08) was used by BALBES as a template in all five structure determinations. Partially refined structures of all URI crystal forms (Table 1) were output from BALBES without manual intervention. Several iterative cycles of refinement were performed for each crystal form, including manual model rebuilding with TOM (22) , refinement with CNS (23), automatic model rebuilding with ARP (24) , and solvent building with the CCP4 suite (25) .
The rhombohedral crystal form of the Bh0493 3 D-arabinarate complex contains two copies of the complex in the asymmetric unit of the cell; the monoclinic crystal form of the same complex contains 12 copies of the complex in the asymmetric unit packed as four trimers. The first residue and last 13 residues of every molecule are disordered in the first crystal form of this complex. The four N-terminal residues and last 14 residues are disordered in every molecule of the second crystal form of the Bh0493 3 D-arabinarate complex. The disordered residues are not included in the final models. The asymmetric unit of the Bh0493 3 arabinohydroxamate crystalline complex contains two molecules of the complex, where the first residue and the last 14 residues of every molecule are disordered. The asymmetric unit of the Bh0493 3 D-glucuronate crystalline complex contains 12 copies of the complex packed as four trimers. The first residue and the last 13 residues are disordered in every molecule of this complex. The asymmetric unit of the Bh0493 3 D-fructuronate crystalline complex contains one trimer of the complex. The first two residues and last 14 residues are disordered in every molecule and are not included in the final models. This complex was produced by a long incubation and subsequent cocrystallization of Bh0493 with D-glucuronate, but the electron density of the bound inhibitor can be interpreted only as the product, Dfructuronate. The Zn 2þ ions bound in the active sites were clearly visible in every molecule of every URI complex listed in Table 1 . Additional ions (Na þ , Zn 2þ , and Cl -) located on the local 3-fold axis of every Bh0493 trimer also exhibited good density in all five URI crystalline complexes. Final crystallographic refinement statistics for all of the URI complexes are provided in Table 1 .
RESULTS
Requirement for a Divalent Cation. The importance of a metal ion for the catalytic activity of uronate isomerase was reinvestigated. The apoenzyme was prepared and subsequently tested for enzymatic activity using D-glucuronate as the substrate. The wild-type URI from E. coli was found to contain 0.9 equiv of zinc after purification. This protein (3 mL) at a concentration of 3.0 mg/mL was dialyzed against 1 L of dialysis buffer containing 20 mM dipicolinate in 50 mM MES (pH 6.0). The buffer was changed three times over the course of 48 h, and then the catalytic activity and metal content of the enzyme were determined. The chelator effectively removed more than 98% of the bound zinc as indicated by ICP-MS. The activity of the enzyme was assayed with mannonate dehydrogenase and NADH to detect the formation of D-fructuronate in the presence of 10 μM dipicolinate. The apoenzyme exhibited less than 1% of the activity of the native enzyme with bound zinc. This result is at variance with our previous report which had concluded that the activity of uronate isomerase is independent of the presence or absence of divalent cations within the active site (12) . The reason for this difference in results has not been determined but was perhaps due to contaminating divalent cations in the assay solution.
Inhibition by 2,6-Anhydro-L-gulonic Acid (IV). Compound IV was synthesized as a cyclic analogue mimic of the pyranose form of D-glucuronate. The inhibitory properties of IV were determined with the wild-type uronate isomerase from E. coli and B. halodurans (Bh0493). This compound was found to be a competitive inhibitor for both enzymes. The data were fit to eq 3, and the values of K is were determined to be 45 ( 4 and 24 ( 2 μM for the URI from E. coli and Bh0493, respectively.
pH-Rate Profiles. The kinetic constants for the conversion of D-glucuronate to D-fructuronate were obtained as a function of pH. The pH-rate profiles for the effects of pH on k cat and k cat / K m are presented in panels A and B of Figure 1 , respectively. The pH profiles are bell-shaped and are consistent with a single functional group that must be unprotonated for activity and another functional group that must be protonated for catalytic activity. From a fit of the data to eq 2, the kinetic pK a values from the k cat /K m plot are 5.5 ( 0.1 and 9.5 ( 0.1, respectively. From the plot of k cat versus pH, kinetic pK a values of 5.8 ( 0.1 and 10.2 ( 0.1 were obtained.
Site-Directed Mutants. Site-directed mutagenesis was utilized to identify the involvement of specific amino acids in metal binding, substrate recognition, and the catalytic mechanism of uronate isomerase. Conserved residues were chosen on the basis of the location within the active site of Bh0493, a uronate isomerase found in B. halodurans. His-33 and His-35 were mutated to investigate the importance of metal binding and the potential role of the divalent cation in catalytic activity. Mutations at either of these two resides resulted in the dramatic loss of affinity for the divalent cation and a significant reduction in catalytic activity. The diminution of catalytic activity for the mutants is more severe when these histidine residues are changed to alanine than to asparagine. The highly conserved histidine at the end of β-strand 5 (His-297) and the invariant aspartate at the end of β-strand 8 (Asp-412) were mutated to asparagine and alanine. For the mutations at His-297, there were substantial increases in the Michaelis constant. In contrast, with the mutation of Asp-412, the reduction in catalytic activity was more pronounced on k cat . These four residues are broadly conserved in all members of the amidohydrolase superfamily.
Additional residues that are conserved among all of the known uronate isomerases were mutated as a probe of functional participation in binding and catalysis. These residues include Trp-381 from the conserved WWF motif after β-strand 7, His-59 and Tyr-60 after β-strand 1, and three conserved arginines (Arg-186, Arg-302, and Arg-414). Mutation of residues Trp-381 and Arg-302 resulted in increases in the value of K m and small changes in k cat , indicating that these residues most likely take part in substrate recognition and binding. For the methionine mutation at Arg-186, there were significant changes in both k cat and k cat / K m . For His-59 and Arg-414, there were relatively small changes in K m but drastic reductions in the value of k cat . The kinetic constants for the mutants constructed for this investigation are listed in Table 2 .
Kinetic Isotope Effects. Primary deuterium kinetic isotope effects on the isomerization of D-glucuronate were measured as a probe of the rate-limiting steps in the overall reaction mechanism. For the solvent deuterium isotope effects, the kinetic parameters were obtained for the wild-type enzyme in H 2 O and D 2 O with D-glucuronate as the substrate. The double-reciprocal plots are presented in Figure 2 -directed mutants, H59N, Y60F, D412N , and R414M. The 
The primary deuterium isotope effects for abstraction of the proton from C-2 of D-glucuronate were determined for the wildtype enzyme and two mutants, D412N and R414M. The doublereciprocal plots are shown in Figure 3 . For the wild-type enzyme, the primary deuterium isotope effects on k cat and k cat /K m were determined to be 1.4 ( 0.1 and 1.2 ( 0.1, respectively. For the D412N mutant, the primary deuterium isotope effects were determined to be 2.0 ( 0. occupy the active site in a similar manner and interact with the same set of amino acid residues. Stereoscopic images of the active site complexes for compounds I, II, and III are presented in panels A-C of Figure 6 , respectively, and the distances between specific amino acid residues and the bound ligands are provided in panels A-C of Figure 7 , respectively.
In the complex with D-glucuronate, the substrate is bound in the open chain configuration. The terminal carboxylate is ionpaired with the guanidino group of Arg-170, and there is a monodentate coordination with the bound zinc. The zinc is also ligated with the hydroxyl group attached to C-5 of the substrate. The hydroxyl group at C-4 does not make any specific interactions with the protein, which is consistent with the observation that both D-glucuronate and D-galacturonate are substrates for this enzyme (1) . The hydroxyl at C-3 interacts with both Arg-357 and His-49. The nearest residue to the hydroxyl at C-2 of D-glucuronate is Arg-357. The hydroxyl group from Tyr-50 hydrogen bonds with the carbonyl group at C-1 of the substrate. The closest residue to the hydrogen that is abstracted from C-2 of D-glucuronate is the side chain carboxylate of Asp-355. Similar interactions are found in the complexes with D-fructuronate, D-arabinarate, and the corresponding hydroxamate derivative. The D-fructuronate complex was identified in a crystal that was grown after a long incubation and subsequent cocrystallization of Bh0493 with D-glucuronate.
DISCUSSION
The uronate isomerase from E. coli has previously been shown to catalyze the isomerization of D-glucuronate and D-galacturonate to D-fructuronate and D-tagaturonate, respectively (1, 2) . With D-glucuronate, the hydrogen at C-2 was shown to be transferred to the pro-R position at C-1 of the product (12) . This hydrogen exchanges with solvent at a rate that is 4 orders of magnitude slower than the rate of net interconversion of substrate and product. These results were interpreted to be consistent with a reaction mechanism that was initiated by proton abstraction at C-2, formation of a cis-enediol(ate) intermediate, and subsequent reprotonation at C-1 (12) . This minimal reaction mechanism thus requires at least two different residues within the active for these proton transfers. A general base (B 1 :) is required for the removal of the proton at C-2 and delivery to C-1, and a general acid (B 2 :H) is needed to shuttle a proton between the oxygens attached to C-1 and C-2 of the substrate/product pair. This transformation has been summarized in Scheme 2. A requirement for a minimum of two amino acids that must be in a specific state of protonation is experimentally supported by the measurement of the effects of pH on the magnitude of k cat and k cat /K m for the conversion of D-glucuronate to D-fructuronate. The pH-rate profiles for both k cat and k cat /K m are bell-shaped and indicate that one residue must be unprotonated and another protonated for catalytic activity. In these profiles, the general base has a kinetic pK a between 5.5 and 5.8, whereas the general acid has a kinetic pK a between 9.5 and 10.2. Candidates for these residues were identified through the elucidation of the threedimensional crystal structure of a uronate isomerase from B. halodurans (Bh0493) in the presence of D-glucuronate, D-fructuronate, and two mimics of the cis-enediol(ate) intermediate.
The crystal structure of Bh0493 determined with D-glucuronate has identified those residues in the active site that interact directly with the substrate. In this structure, the zinc is ligated by three amino acids from the protein: the two conserved histidine residues from β-strand 1 and the aspartate from β-strand 8. The C-6 carboxylate group of the substrate is ligated to the zinc and also ion-paired with Arg-170. The hydroxyl group from C-5 is ligated to the zinc in the active site and hydrogen bonded to the aspartate from β-strand 8. At the other end of the substrate, Arg-357 hydrogen bonds with the two hydroxyls from C-3 and C-2. The phenolic group of Tyr-50 forms a hydrogen bond with the carbonyl group at C-1. The closest residue from the protein to the hydrogen at C-2 that must be abstracted during the chemical transformation is Asp-355 at 3.15 Å . In addition, His-49 is within hydrogen bonding distance of the hydroxyl at C-2 in the hydroxamate inhibitor (II) but not in the complex with the bound D-glucuronate (I). Thus, the most likely residues that are required for the isomerization reaction (in Bh0493) are His-49, Tyr-50, Asp-355, and Arg-357. In the E. coli enzyme, these residues are equivalent to His-59, Tyr-60, Asp-412, and Arg-414, respectively. These residues, in addition to His-33 and His-35 (ligands to the zinc), Arg-186 (equivalent to R170 in Bh0493), His-297 (a conserved histidine at the end of β-stand 5 in most members of the amidohydrolase superfamily), Arg-302, and Trp-381, were mutated as probes of functional significance.
The mutation of specific residues within the active site of URI results in significant perturbations to the magnitude of the kinetic constants for substrate turnover. Changes to either of the two histidine residues that originate from the end of β-strand 1 weaken the binding of zinc to the active site, and this results in a diminution of catalytic activity. This observation is consistent with the proposed role of zinc in the direct ligation of the substrate through the C-6 carboxylate and the hydroxyl from C-5. A drastic reduction in the affinity of the substrate occurs with the mutation of Arg-186 to methionine. In this case, the K m for the substrate increases by nearly 2 orders of magnitude and the value of k cat /K m is reduced by more than 3 orders of magnitude. This result is consistent with an ion pair interaction between the C-6 carboxylate and the guanidino group of Arg-186 (R170 in Bh0493) that is observed in the X-ray structure of Bh0493. There is also a substantial increase in the K m for D-glucuronate when His-297 is mutated to alanine or asparagine. This residue originates from the end of β-strand 5 and is highly conserved in nearly all members of the amidohydrolase superfamily, but this residue is not conserved in Bh0493; thus, it is not easy to discern the effect on the structure of URI from E. coli.
The most dramatic reductions in k cat occur with the mutation of Asp-412 to alanine or Arg-414 to methionine. Arg-414 is equivalent to Arg-357 from Bh0493, which is hydrogen bonded to the C-2 and C-3 hydroxyls of the bound D-glucuronate. Therefore, this residue is a suitable candidate for assisting in the movement of the proton from the hydroxyl at C-2 during the transformation to D-fructuronate. The other candidate for this process is the phenolic side chain from Tyr-60. This group is hydrogen bonded to the carbonyl oxygen at C-1 of D-glucuronate in the X-ray crystal structure. Mutation of Tyr-60 to phenylalanine results in reductions in k cat and k cat /K m of ∼1 order of magnitude. The only residue from the protein that is suitably positioned to function as the general base for the abstraction of the proton from C-2 and delivery to C-1 is Asp-412. Many members of the amidohydrolase superfamily that catalyze hydrolytic reactions have been shown to use this residue from the end of β-strand 8 to abstract a proton from the hydrolytic hydroxide or water (6, 8, 27, 28) .
Changes in solvent viscosity and isotopic substitution were used to address the degree of rate limitation on the bond breaking steps and product release (15, 16) . A simplified kinetic mechanism for the conversion of substrate to product for the uronate isomerization reaction is presented in Scheme 4, where EA represents the enzyme-glucuronate complex and EP represents the enzyme-fructuronate complex. In this mechanism, the expression for k cat is given by (k 3 k 5 )/(k 3 þ k 4 þ k 5 ). If one assumes that k 5 is inversely proportional to the relative solvent viscosity, then the value of k 5 , relative to the sum of k 3 and k 4 , can be determined from a plot of the ratio of o k cat / η k cat as a function of the relative solvent viscosity, η. The slope of this plot is equal to 
. For the wild-type enzyme, the slope was found to be ∼0.7, and thus, the sum of k 3 and k 4 is greater than the rate of the product release step, k 5 . This result is consistent with the release of the product as the rate-limiting step for the wild-type enzyme and the relatively small primary isotope effect for [2- 2 H]-D-glucuronate. With the D412N and R412M mutants, the slope of this plot, for changes in the relative value of k cat as a function of solvent viscosity, is reduced substantially. This result is consistent with a significant reduction in the rate constants for the interconversion of the substrate/product pair to the point where k 5 is now greater than the sum of k 3 and k 4 . This result is also consistent with the significant increase in the value of D k cat . With the D412N and R414M mutants, the primary isotope effects are 2.0 and 3.2, respectively, and thus, with these two mutants, the interconversion of the substrate/product pair is substantially rate-limiting.
Mechanism of Action. On the basis of the X-ray crystal structure of Bh0493 in the presence of the bound substrate, the catalytic properties of selected site-directed mutants and the stereochemical constraints for the conversion of D-glucuronate to D-fructuronate, a minimal chemical mechanism can be written for uronate isomerase. In the proposed mechanism for URI from E. coli, D-glucuronate is bound in the active site through electrostatic interactions to five highly conserved amino acid residues and the divalent cation. The carboxylate group at C-6 is coordinated to the divalent cation and Arg-186. The hydroxyl group at C-5 is also coordinated to the zinc. The hydroxyl groups at C-3 and C-2 interact with the side chain guanidino group of Arg-414, and the hydroxyl at C-2 is also apparently able to form a hydrogen bond to His-59. The carbonyl group at C-1 is hydrogen bonded to the phenolic oxygen of Tyr-60. The pH-rate profiles for URI are consistent with two amino acid residues that must be in a specific state of protonation for catalytic activity. The general base, with a kinetic pK a of approximately 5.8, is consistent with Asp-412. This residue is conserved in all members of the amidohydrolase superfamily, and for those enzymes that catalyze hydrolytic reactions, it has been shown to initiate proton transfers from water/hydroxide to the leaving group (6, 8, 27, 28) . The general acid, with a kinetic pK a of approximately 10.2 from the pH-rate profiles, may be due to Tyr-60, but it is difficult to exclude a role for Arg-414.
In the simplest mechanism, D-glucuronate binds in the open chain conformation in the active site and then Asp-412 abstracts the proton from C-2 as the carbonyl group of C-1 is protonated by Tyr-60 to form a cis-enediol intermediate. In the subsequent step, Tyr-60 abstracts the proton from the hydroxyl at C-2 as Asp-414 delivers a proton to C-1 with pro-R stereochemistry. It should be noted that the mutation of Tyr-60 to alanine or phenylalanine diminishes k cat by a factor of only 10. This reduction in rate is perhaps smaller than what may be expected for this role in catalysis. However, the lack of a primary deuterium isotope effect for the wild-type enzyme indicates that the chemical step is not rate-limiting. In addition, a water molecule may substitute for the phenolic group in the mutant enzymes. Additional mechanisms that utilize a combination of Tyr-60, Arg-414, and His-59 to facilitate the proton movements between the oxygens at C-2 and C-1 within the cis-enediol intermediate and in the opening of the hemiacetal can be written. The proposed reaction mechanism for URI is different from that of metalloenzyme xylose isomerase since that enzyme catalyzes a hydride transfer mechanism rather than a proton transfer mechanism (29) .
An alternative mechanism can be proposed in which Asp-412 abstracts the proton from the hydroxyl at C-5, which then abstracts a proton from C-2 to initiate the formation of the cisenediol intermediate. The hydroxyl at C-5 is additionally activated through direct ligation to the bound zinc. These two variations are presented graphically in Figure 8 . This latter mechanism is particularly attractive since it retains elements that are common to nearly all members of the amidohydrolase superfamily that have been interrogated mechanistically (6, 8, 27, 28) . The structural similarities in the active site of uronate isomerase with those members of the amidohydrolase superfamily nicely illustrate the evolutionary link between those members of the AHS that catalyze hydrolytic reactions and those that catalyze 1,2-proton transfers. A structural alignment of the active sites of Bh0493/D-glucuronate and dihydroorotase (DHO)/dihydroorotate (PDB entry 1j79) supports this proposition as illustrated in Figure 9 . In this structural alignment, one of the C-6 carboxylate oxygens from D-glucuronate is positioned in nearly the same place as the carboxylate oxygen of the bridging carbamate functional group in DHO. These oxygen atoms interact directly with the R-metal (M R ) in their respective structures. Moreover, the C-5 oxygen of D-glucuronate is positioned in the same way as the nucleophilic hydroxide in DHO and is oriented to favor proton abstraction by Asp-412 at a distance of 2.9 Å . The C-5 hydroxyl is 2.0 Å from the hydrogen at C-2 of the bound substrate. 
